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Fig. !. Relative expansion or DC subsets from FL> and GM-CSF- 
ircatcd mice. Shown is ilie distribution oI'CDl le and CDl lb on spleen 
cells from cytokine treated mice. CDllc" CDl lb 3 "*" 1 (mvcloid- 
rchtcd) and CDUc" CDllb * M: - (lymphoid-relatedl subsets of DCs 
arc defined as shown. .Vote thai, in FL-trcated mice, the lymphoid- 
related DCs are more prevalent than :hc myeloid-related DCs. Similar 
profiles arc obtained with both C57BL/6 and BaLB/c strains. Data 
are representative of a large number of experiments. 

In Vitro Cultures. Popliteal lymph node cells (5 x 1.0' cells) 
were plated in triplicate in 200 of DMEM complete 
supplemented with 595: fetal bovine serum, together with 
different concentrations of OV"A[323-339). Proliferative re- 
sponses were assessed after 72 hours of culture in a humidified 
atmosphere of 59t CO; in air. Cultures were pulsed with 0.5 
p.Ci tritiated thymidine [ 3 H] for 5 hours, and the cells were 
harvested onto glass fiber sheets for counting tin a gas-phase 
p counter. For cytokine assays, aliquots of culture supcrna- 
tanis were removed after 72 hours and were assayed for the 
presence of I FN v. IL-2. IL-4. and IL-10 by ELISAi adapted 
from PharMingcn protocols. 

.Measurement orOvalbumin-Specifie Serum Titers. Nineiy- 
slvwell ELISA plates (Maxisorp. Nunc) were coated overnight 
with 1 fig/wel! ovalbumin in PBS at 4°C ; were blocked with 
PBS/f^c fetal bovine serum, and washed with PBS/O.l'c 
Tween-20. Scrum samples were diluted in PBS.- 5^ fetal 
bovine serum (starting at 1/100). and threefold dilutions were 
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rcade. Plates were incubated for 2 hours at room temperature, 
were washed, and were incubated with alkaline phnsphatase- 
conjuaated anti-IgGl (1/2.000: PhnrMinsen). :inti-l2G2a. an- 
li-hGZb. or anii-lgM (1/1.000: I'harMingen) delecting anii- 
oodies for an additional ?. hours at room temperature. Plates 
were washed a^ain. ami enzyme activity was detected with 
p-niirophc:iyl pho>phaic disodium (Sigma). The amount of 
risotion product w;*s assessed on an ELISa plate reader at an 
Oi) of -405 nm by usiny the dpi.tasoft program (DeltaPoint. 
Monterey. C.-\|. Multiple-point analysis was performed on 
each set of isutype titrations by using the BIOassay program 
I Immune* ). selecting a maximum value for each isotypc and 
determining for each sample the dilution giving half-maximal 
OD value, thus generating arbitrary unit-per-milliliter values 
as described (24). 

RESULTS 

Lymphoid and Myeloid-Related DCs from FL-Treated Mice 
Prime T Cells in Vivo Equally Efficiently. To investigate the 
ability of these DC subsets to prime antigen-specific T cells in 
vivo, we used T-cell receptor (TCR) transgenic mice that 
contained rearranged TCR« and TCR0 genes in their eerm- 
line DNA encoding a TCR specific for the peptide fragment 
OVA [325-339] bound to 1-Ad class II major histocompati- 
bility complex molecules (DO11.10 mice) (25). The transgenic 
TCR could be detected with the KJ126 mAb that binds only to 
mis particular TCR heterodimcr (26). Because DO11.10 T 
■:z\h contain a small subpopulation of cells with a memory 
phenotype. presumably because of activation through a second 
endogcnouslv rearranged TCR (27). all of our experiments 
■•vere performed with DO11.10/SCID mice, which do not 
contain cells whh this memory phenotype t26). TCR trans- 
onic T cells from DOl 1.10/SCID mice were adoptively 
transferred into syngeneic BALB/c recipients, such that they 
constituted a small ( <0.3?£ ) but detectable proportion of all T 
e:ils as described (23. 24. 2S). 
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FlC. 1 [A and B) Kinetics of expansion of antigen-specific (KJ126" CD-"), transgenic T cells in mice primed with IvmDhuid-relatcd (L-DC: 
CDUc" CDllb JUII/ -) and mycloid-rclatcd (M-DC: CDlLe" CDllb bri f h M DC subsets from FL-treated mice. Sorted DCs were loaded with 
0Va[323-339| in vitro and were injected into the footpads of mice reconstituted with transgenic T cells, T-eell expansion was measured by flow 
cytometric analysis of lymph node cells at various time points. Data were pooled from sLt independent experiments with a total of IS— 21 lymph 
nodes per time point. (C) In vitro restimulation of antigen-specific T cells expanded in \ira. with varying concentrations of OVA(323-339| peptide. 
In vitro Ivmph node cultures were set up 4 days after in vivo priming, were pulsed with (Hi' T2 hrs later, and were mashed after 5 hrs. 
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FlO. 3. Cytokine production by antigen-specific T cells resrimu- 
lated m vitro with varying concentrations of OVA{523-339]. In Wrro 
lymph node cultures were set up 4 davs after primins. and supernatants 
were assayed 72 hours later by cytokine ELISA. Data are represen- 
tative of seven independent experiments. 

Lymphoid-rclated DC and myeloid-related DC Subsets from 
spleens of FL-treated mice were isolated bv flow cytometry, 
were loaded with OVA[323-339] in vitro, and were injected 
into rtie footpads of T-cell-reconstituted mice. The ensuing 
CD4 OVA^specific T-cell response was monitored bv flow 
cytometry. Both DC populations could prime T cells' in an 
antigen-specific manner (Fig. 2.^ and B). with similar kinetics 
and magnitude. Thus. 4 days after priming, at the height of the 
immune response, the percentage of KJlfg" CD4" fcells was 
*3Tr in the draining lymph nodes of mice primed with cither 
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Jhc lymphoid or myeloid DC subset: bv dai- S. the perce-nta-c 
tn both groups of m ice had almost returned to baseline levels 
The absolute numbers of KJpfi* CD4- T cells in the drainin* 
lymph notice reflect thi:- kinetics. 

Ai i ho height of (I-,.- response. 4 d.-.v> 3 acr priniin- ::^,- 
popliteal lymph nodes were harvested, and sinu.'e-cefl «u«. 
pensions were prepared and cultured in vitro vvith various 
concentrations of OVa(3;3-3»| to assess the in :i :m ?«l 
(iterative capacity of antigen-specific T cells. T ceils that'h-d 
been pruned /„ vivo by. either the lymphoid- or mveloid- 
related DCs could proliferate efficiently/* vitro on ^stimu- 
lation with antigen: however, there was a 2- to 5-fold increase 
in the sensitivity of antigen-specific T-cell proliferation in T 
cells that had been primed in vivo with the mveloid DC 
compared w,ch those primed with the Ivmphoid-'related DC 
subset (Fig. 1C). 

Lymphoid- and Mye|oid-R e |ated DCs from FL-Treated 
Mice Exert Differential Effects on Cytokine Production in 
Antigen-Spccific T Cells /„ Vivo. Cvtokine production bv 
antigen-specific T cells primed by the lymphoid or mveloid- 
rclated DC subsets was measured bv assavine the culture 
supernatants from the cultures described above for IFW IL-" 1 
IL-10. and IL-4. .Assessment of cytokine production in these 
cultures revealed that there were no significant difference* in 
IFN 7 and IL-2 production in T cells primed bv either DC 
subset; how ever , the myeloid-related DC Subset always in- 
duced much greater levels of IL-10 and IL-4 production (Fig 
j>). Thus, the lymphoid-related subset induced no detectable 
IL-4 whereas the myeloid-related subset induced hish levels of 
IL-4. Furthermore, the T cells primed bv the mveloid-rc'aiea 
DC suoset exhibited a > 100-fold increase in the ?nti°*n 
dose-dependent sensitivity of IL-10 production, compared 
\MCh T cells primed by the Ivmphoid-reiated DC suNe; 
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GM-CSF Treatment Preferentirvrfy E.\p:ind$ a Myeloid-- 
Related DC Subset. Which Re.y<nbics the Myeloid DC in 
FI.-Trcated Mice. Administration (.5 days) of a chemically 
modified ipegylated) form GM-CSF (which exhibits an 
extended biologic:! I half-liiV T/c'omparod with uiulerivntixed 
OM-CSF'i into mice preiervriliallv expands the mvcloid- 
related DC (CDlle" CDllfi !SiB — ) subset (Fit;. 1). This my- 
cloid-rclatcd DC subset appears to be similar to that generated 
bv FL-lre:ument. in so far as it failed to exor-'ss detcciahlc 
CDS!«or Db:C-:U5(C.M.. B.P.. CM.. K.B.. t-Duro. M. Tecpc. 
and H. McKenna. unpublished work), which have been shown 
to be expressed selectively on lymphoid-related DC (15. 16. 
19). They arc also able to prime naive, ancigen-spccific T cells 
in vitro as efficiently as the myeloid or lymphoid-related DC 
subsets from FL-treated mice (E.M.. B.P.. CM.. K.B.. E. Daro. 
M. Teepe. and H. McKenna, unpublished work). 

Similiar experiments with the sorted DC subset from GM- 
CSF-treated mice revealed that this putative mycloid-rclatcd 
population also could prime OVA-specific T cell expansion as 
efficiently as the lymphoid and myeloid DC populations from 
FL-treated mice (Fig. -A A and B). As observed previously with 
the mycloid-rclatcd population from FL treated mice, there 
was significant production of IL-4 and IL-10 by the OVa- 
specific T cells after restimulation with O VA[323-339] in vitro 
(Fig. 4C). These data support the notion the distinct DC 
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FtG. 5. Adjuvant effects of FL and GM-CSF in ovalbumin- 
immunized mice. Shown arc antigen-specific, secondary serum anti- 
body tilers in FL- and GM-CSF-treated mice after challenge with 
ovalbumin. PBS- or cytokinc-treated mice were primed and boosted 
with ovalbumin, and secondary anti-ovalbumin antibody responses 
were measured by ELISA. Each dot represents a single mouse. Data 
are pooled from three independent experiments, each of which had 
five mice per group. Because the data are not normally distributed, the 
Wilcoxon rank sum 2-sided test has been used to analyze the P values. 
P values comparing the differences between the PBS. GM-CSF. and 
FL groups are sho«--n abo<-'e each graph. 
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subsets prime T cells equally efficiently but elicit different 
cytokine profiles in antigen-specific T cells in vivo. 

FJ. and GM-CSF Dramatically Enhance Antibody Produc- 
tion to Soluble Antigens luii Differ in the Class of Antibodies 
They Induce. To determine whether these differences in T-ce!l 
cytokine profiles cuulu influence >Ik class of antibodv pro 
diicsd in vivo, we performed il-.c fuilouin- experiment. Co- 
horts of BA I.R/c or C"5T|5f../6 mice were treated with either Fl_ 
or GM-CSF for 9 and 5 days, respect ivelv. to induce maximal 
expansion of DCs. The effects of FL and GM-CSF on expand- 
ing DC subsets in vivo does not appear to depend on :he strain 
of mice used (data not shown). On the final day of cytokine 
treatment, mice were injected S.c. with various doses of ovalbu- 
min in PBS. Twenty-one days later, identical immunizations 
were performed with no cytokine treatment. One week later 
(day 2S). mice were bled, and the ovalbumin-specific antibodv 
titers^ were determined by ELISA. Both FL and GM-CSF 
significantly enhanced the ovalbumin-specific antibodv titers 
of all isotypes analyzed (Fig. 5) compared with the ovalbumin- 
immunized. PBS-trcated control mice. Consistent with our 
recent observations (24), FL treatment resulted in a > 10.000- 
fold increase in lgG2a titers but a much more modest increase 
in IgGl titers over PBS-treated controls. However. GM-CSF 
treatment resulted in a much weaker [gG2a response than 
FL- treatment, and this was more apparent in the C57BL/6 
strain, in which GM-CSF failed to stimulate IgG2a i Fig. 5). In 
contrast. GM-CSF stimulated significant levels of IgGl. and. 
in some cases, the levels of IgGl stimulated were significantly 
higher than those in FL-treated mice. 

The data in Fig. 5 are pooled from three independent 
experiments, each of which had five mice per group. The 
variability in the IgG2a OVA-specific antibody titers in mice 
treated with FL or GM-CSF is caused largely by variability 
between individual experiments. The source of this experiment 
to experiment variation is not known. Nevertheless, each 
experiment showed exacrly the same trends between groups: 
compared with GM-CSF- and PBS-treated mice. FL-treated 
mice not only displayed much larger titers of IgGIa OVA- 
specific antibody but also had much higher frequency of 
responccrs. This is evident from the means of the graphs as 
well as with differences in the numbers of nonrcspondcrs 
within each group. The nonrespondcrs are stacked at the 
bottom of the graph for each group. Thus, although both FL 
and GM-CSF acted as adjuvants, there were class-specific 
differences in the antibody profiles generated by each cvto- 
kinc. with FL giving a predominantly IgG2a response and 
GM-CSF favoring an IgGl response. These results reflect the 
differences in cytokine profiles observed in T cells stimulated 
by the distinct DC subsets. 

DISCUSSION 

The results presented in this paper suggest that distinct DC 
subsets may differentially regulate the Thl/Th2 balance of an 
immune response in vivo. Although both the lymphoid and 
myeloid-related DC subsets can prime antigen-specific T cells 
equally efficiently, chcy induce distinct cytokine profiles in T 
cells. The lymphoid-related DCs induce the Thl cytokines 
IFNy and IL-2 whereas the myeloid-related DC subset induces 
high levels of the Th2 cytokines IL-4 and IL-10. in addition to 
the Thl cytokines. 

Mechanism of T-Cell Cytokine Skewing by Distinct DC 
Subsets. The precise mechanism by which these DC subsets 
mediate their effects is. at present, unclear but may well relate 
to potential differences in the repertoire of costimulacory 
molecules expressed by the subsets. The difference is unlikely 
to be accounced for by the B7 molecules, by CD40. or by the 
levels of class II major histocompatibility compiex-peptide 
complexes on the surfaces because the myeloid- and lymphoid- 
related DC subsets in FL-treated mice express similar levels of 
all of these molecules (4). However, potential differences in the 
expression of costimulatory molecules such as OX-40 ligand 
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[which mav stimulate IL-4 production in T culls (29)) may 
account Tor the functional dichotomy of the two subsets. 
Another factor thai could contribute to this dichotomy is tne 
cvmkincs nude bv the DCs themselves. Lymnhoid-rek.ted 
rk\ ciin be induced m terete higher levels -V hiolojucally 
:1L -iivc 1I..-12 than mveloid DCs i In. -- Therefore, the former 
mav have induced arbiter IFN? production if. T cells than the 
kilter However, our experiments suggest thai even the rela- 
tively low levels of II. -12 produced by the niydOid-relntecl DC 
subset is sufficient to induce abundant IFNy production m T 
cells Clearlv (he expression of Th2-indueing cytokines such as 
IL-4 (1) and IL-6 (30) by the DC subsets warrants iunher 
investigation. ..... 

The question of whether the DC subsets interact dirccth 
with the T cells in wVo or whether they transicr antigen to a 
third cell tvpc is intriguing, particularly given the resurgent 
interest in' ihe phenomenon of "cross-priming" (3.1, j2). 
Thus it is possible that antigen is transferred from the 
exogenous DC subset to some endogenous APC population, 
which then mav present it to T cells. If the lymphoid and 
mveloid DC subsets differed in their abilities to hand over 
arltieen to other antigen-presenting cells, this potentially 
could lead to differences in T-ccll priming or in the cytokines 
made bv the T cells. 

Adjuvant Ertects of FL and GM-CSF. Whatever the mech- 
anism the differential cytokine skewing in T cells by distinct 
DC subsets appears to result in strikingly dinerem antibody 
profiles bein- elicited by FL and GM-CSF (Fig. 5). In Cj>7BL/6 
mice GM-CSF (which preferentially expands tnc myeloid Dr- 
abser Fie 1) elicits significant increases in IaGI titers but no 
UGW production (Fn~5). In contrast. FL (which expands both 
the lymphoid and mveloid DC subsets, at a numeric ratio or 
=-vf- Fw 1) elicits modest increases in IgGl titers but 
dramatic'incrcases in IeG2a titers (Fig. 5). These differences 
in antibodv profiles are consistent with the cytokine profiles 
induced inT cells. Lvmphoid-related DCs wouid prime T cells 
to become Thl T cells, which enhance IeG2a secretion by B 
cells Mveloid-related DCs would prime T cells to make 
abundant IL-4 and IL-10 (in addition to IFN7 and IL-2). and 
it is likelv that the Th2 cytokines would mitigate the effects of 
IFN'y thu<= favorioa an leGl response. Similar though less 
striking trends are'observed in BALB/c mice. This strain 
difference mav be attributed to potential differences in pro- 
duction of IL'-IS (33) or IL-la by the DC subsets in the 
differmi strains. Both IL-lS and IL-la can potentiate IL-1-- 
inducec Thl development in BALB/c but not C5 /BL/6 mouse 

strains (34). . , 

Perspectives. These data arc consistent with recent obser- 
vations (35) that indicate that lymphoid and myeloid DCs in 
normal mice also can induce distinct cytokine profiles in I 
cells Both studies surest that the lymphoid and myeloid Dl_s 
prime T cells equally efficiently in vivo. V\ c currently are 
investigating whether lymphoid-related DCs could lolenzc 
CD4+ T ce'ls in vivo via a Fas-dependent mechanism (_u). 
One possibility is that CD4+ T cells may be tolerized in iw 
by repeated stimulation with lymphoid- but not myeloid- 
related DC. Indeed, the 2- to 5-fold less efficient in mm 
stimulation of T cells, which were primed w vivo by the 
lymphoid DCs (Fig. 2C), may represent a dampening of the 
f-cell response by activation-induced cell death. In this con- 
text it is worth noiina that activated Thl cells, rather than Th- 
cells are susceptible to Fas-mediaied apoptosis (j6. 
Therefore, the lymphoid and myeloid DC subsets initially may 
prime T cells equally efficiently, but. on repeated stimulation 
by the lymphoid DCs. the resulting Thl T cells may be more 
susceptible to Fas-mediated apoptosis. 

Finally the functional differences of the DC subsets de- 
scribed here should be viewed in the context of their ceo- 
•■raphical separation in lymphoid microenvironments. In the 
nd mveloid DC subsets are localized in 
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the T-cell zones and the marginal zones, respectively 1 16). The 
possibility that these subsets may be exposed to different typos 
of antigens because of their geographical isolation and differ- 
ences in their cell-surface markers must now be invest'sated. 

In summarv. ;uir data suggest that the cla« oi immune 
response acne'raud in vivo can be controlled differentially by 
distinct DC subsets. This may provide a unique opportunity 10 
elicit optimally effective immunity in different clinical settings 
by usinu distinct DC subpopulations. Thus, in various autoim- 
mune diseases or in Helicobacter pylori infections, the prospect 
of usins myeloid-relatcd DC or GM-CSF to vaccinate against 
pathogenic Thl responses may be attractive. In contrast, 
lvmphoid-related DCs that promote protective Thl responses 
riiav hold treat promise in tumor immunotherapy, antiviral 
immunity, and in allergy. 
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